Mesoscopic transition in the shot noise of diffusive S/N/S junctions by Hoffmann, C. et al.
ar
X
iv
:c
on
d-
m
at
/0
40
97
23
v1
  [
co
nd
-m
at.
me
s-h
all
]  
28
 Se
p 2
00
4
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We experimentally investigated the current noise in diffusive Superconductor/Normal
metal/Superconductor junctions with lengths between the superconducting coherence length ξ∆
and the phase coherence length LΦ of the normal metal (ξ∆ < L < LΦ). We measured the shot
noise over a large range of energy covering both the regimes of coherent and incoherent multiple
Andreev reflections. The transition between these two regimes occurs at the Thouless energy where
a pronounced minimum in the current noise density is observed. Above the Thouless energy, in
the regime of incoherent multiple Andreev reflections, the noise is strongly enhanced compared to a
normal junction and grows linearly with the bias voltage. Semi-classical theory describes the exper-
imental results accurately, when taking into account the voltage dependence of the resistance which
reflects the proximity effect. Below the Thouless energy, the shot noise diverges with decreasing
voltage which may indicate the coherent transfer of multiple charges.
PACS numbers: 74.45.+c, 72.70.+m, 74.40.+k
Although the influence of the proximity effect between
a superconductor (S) and a normal metal (N) on the con-
ductance of hybrid SN structures has been under study
for decades, the impact of the presence of charge pairs on
the current noise has been investigated experimentally
only recently1,2,3,4. The transport at a SN interface is
mediated by Andreev Reflection (AR). An electron with
energy |ǫ| < ∆ with respect to the Fermi level cannot es-
cape from the normal metal into the superconductor due
to the absence of electronic states in the gap ∆. Instead,
it enters the superconductor together with a second elec-
tron to create a Cooper pair and a hole is retroreflected
in the normal metal. The electron and the retroreflected
hole states are coherent, in the diffusive limit, over a
distance Lc = min(Lφ, ξǫ =
√
~D/ǫ) where D is the dif-
fusion constant of the normal metal and Lφ the single
particle phase coherence length.
In S/N/S junctions with a normal metal length L > Lc,
the Andreev pair is split up and the electron and the hole
behave, far from the interface, as independent quasiparti-
cles. In this incoherent regime the quasiparticles produce
shot noise which originates from the diffusion through
the normal metal. The noise is enhanced compared to
a N/N/N system because each quasiparticle entering the
normal region is successively retroreflected at the two
SN interfaces (incoherent multiple Andreev reflections
- IMAR). This implies many passages of quasiparticles
through the junction, instead of only one in the normal
case. These IMAR persist as long as the quasiparticle en-
ergy is within the interval −∆ < ǫ < ∆ and no inelastic
collisions occur. The effect of the inelastic interactions
on shot noise in S/N/S junctions has been studied by
various groups5,6,7. It was shown that electron-electron
interaction reduces the energy window of accessible states
for the quasiparticles participating to the IMAR leading
to a decrease of the current noise density.
In short S/N/S junctions, the situation is somewhat more
complicated. Indeed, as long as L < Lc (that means
the Thouless energy ETh = ~D/L
2 exceeds the bias
voltage19), successive Andreev reflections at the two in-
terfaces are coherent and the interference between quasi-
particles leads to the formation of Andreev bound states.
In this coherent regime, the bound states can carry a su-
percurrent and one observes dc and ac Josephson effects.
In very short junctions with a length L smaller than the
superconducting coherence length ξ∆ =
√
~D/∆ (equiv-
alent to ETh > ∆) only two bound states exist and the
transport via these states can be considered as the trans-
fer of effective charges 2∆/eV . Then, the noise at low
voltage can be interpreted as the shot noise of these ef-
fective charges due to Landau-Zener transitions between
the bound states8.
A very interesting situation can be reached in S/N/S
junctions where ξ∆ < L < LΦ. In this case, one can tune
the transition from the regime of coherent pair trans-
port (eV < ETh < ∆) to single quasiparticle transport
(ETh < eV < ∆) by varying the external voltage. In
this letter, we present noise measurements in diffusive
S/N/S junctions with such an intermediate length. A
clear change in the transport mechanisms at the Thouless
energy is revealed and appears as a pronounced minimum
in the current noise density. This transition, characteris-
tic of the transport in hybrid SN structures at the meso-
scopic scale, can be achieved experimentally but remains
difficult to explain theoretically. Existing theories con-
cern either diffusive junctions with negligible proximity
effect, which are accessible with semi-classical models9,10
or the fully coherent situation8. The latter applies to
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FIG. 1: Differential conductance dI/dV versus bias voltage at
various temperatures for sample l (data are shifted by 0.1, 0.2
and 0.35S for T = 500mK, 900mK and 1.1K respectively).
Left inset : scanning electron micrograph of a typical sample.
Right inset : resistance of the sample as a function of temper-
ature. The drop at T = 1.2K is due to the superconducting
transition of the aluminum reservoirs.
the noise properties of coherent superconducting atomic
point contacts with a small number of conducting chan-
nels11. In this situation, the experimental results are
well understood12. In contrast, the interpretation of the
few experimental investigations of noise in multichannel
S/N/S junctions available up to now5,6,7,13 is still a puz-
zle.
In order to measure the current noise, we used a SQUID-
based experimental setup14. The input coil of the SQUID
is connected in series with a reference resistor of 0.123Ω
and the sample. The current fluctuations propagating
in this loop are transformed into voltage fluctuations by
the SQUID. The intrinsic noise level is about 8µΦ0/
√
Hz
which is equivalent to 1.6 pA/
√
Hz in the input coil of the
SQUID. The noise is measured in the frequency range
10Hz - 12 kHz. At frequencies above 2 kHz, 1/f-noise
contributions are negligible for all bias currents.
The S/N/S junctions are fabricated by shadow evap-
oration of Cu and Al at different angles through a
PMMA-PMMA/MAA bilayer mask in an ultra-high-
vacuum chamber. First, a 50nm thick copper island is
evaporated and immediately after, two 480nm thick alu-
minum reservoirs. The left inset of figure 1 shows a scan-
ning electron micrograph of a typical sample. We stud-
ied samples with lengths between 0.4 and 0.85µm and
widths from 0.2 to 0.4µm. The results presented here
concern mainly one sample (referred as sample l) with
length 0.85µm, width 0.4µm and an overlap between the
reservoirs and the copper bridge of about 0.3 × 0.4µm2
on each side. The other samples show similar results and
will be mentioned for comparison if necessary.
To avoid dealing with proximity effect corrections that
reduce the resistance of the copper bridge when the reser-
voirs become superconducting, the resistance RN of the
sample is evaluated from the value above Tc minus the
estimated reservoir resistance. For sample l we obtain
RN = 1.75 ± 0.2Ω. Then, we can estimate the interface
resistance by comparison with a second sample half as
long as sample l (but with the same width and the same
overlap at the reservoirs) and fabricated on the same
wafer (RN ≃ 1.05Ω). This gives an estimation of a total
interface resistance RB ≃ 0.4Ω and a sheet resistance
of 0.65Ω for copper (diffusion constant D = 80 cm2s−1).
The normal resistance of sample l is therefore dominated
by the resistance of the copper film (≃ 1.35Ω).
As a function of temperature, the zero bias resistance
shows a broad transition between Tc(Al) = 1.2K and
0.8K, below which a supercurrent arises (see right inset
of figure 1). This behavior is evidence that the phase
coherence length Lφ is longer than the sample length, at
least for temperatures below 800mK. At finite bias, we
observe subharmonic gap structures (SGS) marked by a
local maximum in the conductance when eV = 2∆/n,
see Fig. 1. We can identify peaks for n = 2 and 3 over
the whole temperature range, whereas the n = 1 peak
is masked for T < 900mK by a transition, probably in-
duced by the bias current. The origin of the additional
peaks at V ≃ 0.06meV is not clear.
The overall shape of the current noise density as a func-
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FIG. 2: Current noise density SI versus bias voltage at various
temperatures. We observe a minimum at eV ≈ ETh.
tion of bias voltage is shown in Fig. 2. We observe a pro-
nounced minimum at V = 10µV corresponding roughly
to the Thouless energy ETh ≃ 7µeV of sample l. This
minimum indicates the transition from the regime of co-
herent pair transport to the regime where the Andreev
pairs are split up into independent quasiparticles before
reaching the opposite interface.
The noise behavior at high voltage can be understood
within a simplified model. Consider an electron entering
the normal metal at the energy ǫ ≈ −∆. At the first SN-
interface it is Andreev-reflected into a hole which travels
through the normal region a second time. At the other
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FIG. 3: Current noise density times the resistance R = V/I
versus bias voltage at various temperatures (the data curves
are shifted successively by 10 pA2/Hz). The data at 100mK
can be compared to the theoretical prediction in the zero tem-
perature limit (Eq. (1)) with ∆ = 165µeV (dashed line). At
higher temperatures, the thermal noise of quasiparticles out-
side the gap has to be taken into account. The predictions
following Ref. 10 are shown as solid lines. The arrows indi-
cate the thermal noise level 4kBT corresponding to each data
curve (including the shift).
SN-interface the hole is again retroreflected as an electron
and so forth. In the incoherent case the phase informa-
tion between two subsequent Andreev reflections is lost
and no interference is possible. The quasiparticle energy
is increased by eV when it travels from one interface to
the other. Therefore, the quasiparticle can escape to the
superconducting electrodes only after N passages, with
N = 2∆/(eV )+1, reaching an energy ǫ & ∆. Within this
description, each quasiparticle entering the normal part
causes a series of incoherent Andreev reflections which
leads to the diffusion ofN quasiparticles through the nor-
mal part. The total current noise is therefore the shot
noise of a diffusive metal 1
3
2eI times N :
SI(V ) =
1
3
2eI ×N = 2
3R
(eV + 2∆). (1)
This is exactly the prediction of semiclassical theory in
the zero temperature limit and in the absence of inelas-
tic processes9,10. In this model, the proximity corrections
are neglected. In our junctions however, such corrections
persist over the whole voltage range (see Fig. 1). An ex-
pression for the noise taking into account the proximity
effect has been derived recently in SIN junctions with
a tunnel barrier at the interface15 but is still lacking in
the S/N/S case. In order to include the observed volt-
age dependence of the resistance, we use R(V ) = V/I in
equation (1) rather than the normal state resistance RN
and analyze the product SI(V )R(V ) in Fig. 3.
At T = 100mK we obtain very good agreement between
experiment and Eq. (1) with ∆ = 165µeV , shown in
Fig. 3 by the dashed line, in the range from 50µV up to
the current induced transition at about 250µV . Up to
now, this linear regime of IMAR was only approximately
achieved with a large scatter in the data13. Note that a fit
of SI(V ) using a constant resistance instead of the mea-
sured R(V ), requires unreasonable values RN = 2.5Ω
and ∆ = 330µeV .
At temperatures above 300mK, the thermal noise of the
quasiparticles outside the gap have to be taken into ac-
count. Along the lines of Ref. 10 we can write the total
noise as a sum of this thermal noise and the subgap noise
(Eq. (12) and (13) in Ref. 10). The fits obtained using
the BCS temperature dependence of the superconduct-
ing gap, show excellent agreement with the experimental
data between T = 500mK and 900mK (solid lines).
So far, we considered only the linear part of the noise
at high voltage. However, for decreasing voltage (V <
50µV ) the experimental data show a nonlinear regime
which extends down to the minimum at the Thouless en-
ergy. The simple model used above to derive Eq.(1) sup-
poses that the quasiparticles reach the gap without in-
elastic interactions and the corresponding voltage range
is therefore called “collisionless regime”. However at
low voltage and finite temperature, the effective length
of the junction for the multiple retroreflected particles
Leff = NL ∼ L∆/V exceeds the inelastic length Lin.
In this “interacting regime” e-e-collisions interrupt the
successive incoherent multiple Andreev reflections before
the quasiparticles reach the gap. In the case of strong
interaction a Fermi distribution with an effective tem-
perature Te is restored and the noise equals the corre-
sponding thermal noise5,6,7,9,10. Details of the analysis
in this regime are published elsewhere16.
Decreasing further the voltage below ETh, the transport
of pairs becomes coherent5,13,18. In this regime, our ex-
perimental results reveal a clear increase of the noise as
the voltage goes down. We can check that this increase is
not due to an equilibrium-like relation SI = 4kBT/R(V )
between the current noise density and the voltage depen-
dent resistance (which indeed decreases near the tran-
sition to the dissipationless regime) by considering the
product SI(V )R(V ). This is particularly clear in Fig. 4
where the low voltage regime is blown up together with
the behaviour of the resistance and the differential resis-
tance20. It is important to notice that the noise increase
persists even at high temperature when the thermal noise
level approaches the noise minimum at eV ≈ ETh and
when the resistance and the differential resistance are al-
most constant (see curves at 800 and 900mK on Fig.
3 and 4). It is worth noting also that the behavior of
the product SIR at low voltage is almost independent
of the temperature whereas the resistance and the dif-
ferential resistance change significantly. The measure-
ments are complicated by the strong non-linearities at
very low temperature and the appearance of hysteresis for
T ≤ 300mK. Therefore, at T = 100mK, the noise mea-
surements are restricted to the voltage range V ≥ 5µV
where the differential resistance changes not more than
a factor 3. Comparison with a shorter sample (width
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FIG. 4: Current noise times resistance, differential resistance
and resistance of sample l as a function of the voltage at small
bias.
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FIG. 5: Fano factor versus the inverse voltage for two different
samples. The Thouless energies are 7µV for sample l (left
panel) and 30µV for sample s (right panel). The solid lines
have slopes 200µV (left) and 340µV (right). In the right
panel, the incoherent regime is also clearly visible (dashed
line is a fit according to Eq. (1)).
0.2µm and length 0.4µm) is made in Fig. 5 where the
Fano factor F = S/2eI is plotted as a function of the
inverse voltage. On the right panel, sample s, the two
regimes are distinguishable: above the Thouless energy
(30µV or 1/V < 30mV −1) the Fano factor is linear in
1/V with a slope 2∆/3e = 110µV as expected for the
incoherent regime. Below the Thouless energy the Fano
factor is again linear in 1/V but with a different slope:
340µV . On the left panel, we plot the results obtained
on the first sample. The cross-over at the Thouless en-
ergy does not clearly appear because the scale is larger
than for the shorter sample. However, at voltages be-
low the Thouless energy, the Fano factor is also linear in
1/V but with a slope of 200µV . The interpretation of
the noise behavior in this low voltage regime is a diffi-
cult task because coherent multiple Andreev reflections
in the energy window |ǫ| . ETh coexist with the diffu-
sion of hot quasiparticles at energies ETh < |ǫ| < ∆.
Moreover, there are no precise calculations for diffusive
S/N/S junctions of intermediate size: ξ∆ < L < LΦ. In
fully coherent quantum point contacts11, the Fano fac-
tor goes like 2∆/eV and shows a smooth behaviour (no
steps) when the transmission in the ”N part” is close to
1. In fully coherent (L << ξ∆) diffusive SNS junctions
8,
the Fano factor varies as F ≈ 0.3(2∆/eV ). Our results
reveal that, in diffusive SNS junctions of intermediate
size, the Fano factor is also proportional to 1/V but with
a slope that depends on the length of the sample. How-
ever, it is not clear if this behavior is the signature of
multiple charge noise as it is the case in superconduct-
ing tunnel junctions with pinholes17 and superconducting
atomic point contacts12. Indications for the presence of
coherent MAR in diffusive SNS junctions in the regime
eV < ETh < kBT were found in Ref. 18. To check if
multiple charge noise is present in such junctions, other
experiments are required together with theoretical pre-
dictions in the appropriate limit (ETh < ∆). In partic-
ular, one should include the proximity effect corrections
to the density of states of the normal metal. At finite
temperature, inelastic interactions will play a role and
should appear as a cut-off at low voltage like in the inco-
herent regime.
In conclusion, we present investigations of the shot noise
of diffusive S/N/S junctions with intermediate lengths
(ξ∆ < L < LΦ) which reveal a clear distinction of dif-
ferent transport regimes. At high voltage, the ”colli-
sionless regime” is well established and the current noise
grows linearly with bias voltage due to incoherent multi-
ple Andreev reflections. The results are in quantitative
agreement with semiclassical theory over a large temper-
ature range. A pronounced noise minimum is observed
at the Thouless energy. When the applied voltage be-
comes smaller than the Thouless energy, the Fano factor
is found to grow linearly with the inverse voltage but
with a slope that depends on the length of the sample.
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